I. INTRODUCTION
The autonomy of modern mobile and communication systems is directly related to their power consumption and efficiency. Low efficiency of these systems means reduced battery life and increased heat output. On a communication satellite system up to 50% of the total power can be used by the Power Amplifier (PA) in the transmitter [2] . Base stations are affected by the PA low efficiency. A base station has an overall efficiency of only 2%, and the PA has a poor 6% [3] , which leads to bigger cooling systems and also to more expensive base stations. The transmitters usually employ digital modulations such as QPSK combined with spread spectrum techniques like CDMA or WCDMA. The modulated signals are later amplified by using highly linear, but low efficient linear amplifiers (class A or class B). 1 The transmitted signals have high peak-to-average power ratio (PAPR) and have the highest probability in the zone where linear amplifiers have very low efficiency (approximately 15% for class B). This is the main reason for low efficiency of these PA applied in RF systems.
The Kahn technique or EER is used to linearize a high efficiency PA by the simultaneous modulation of phase and envelope of the signal and combines a highly efficient, but nonlinear radio frequency power amplifier (RFPA) (class D or class E for example) with a highly efficient envelope amplifier (dc-dc converter) to implement high-efficiency linear RFPA [4] .
The envelope amplifier should have fast dynamic response, high efficiency and minimal interference with the output spectrum of the transmitter. In the state of the art, several solutions for the envelope amplifier can be found, such as a simple buck converter (class S modulator) in [5] , [6] , multiphase buck converter in [7] , three level converter in [8] or linear assisted switching amplifier [9] , [10] . These solutions do not exceed the bandwidth of few hundred kHz and the output power is from the range of mW up to several tens of watts [11] . In [12] , [13] a buck converter is integrated and the switching frequency is in the range of several MHz, but with small output power, in the range of mW. A possible implementation for the envelope amplifier would be a dc-dc converter, as it is necessary a high efficiency for the solution. On the other hand, due to the high bandwidth requirements of the envelope reference, the switching frequency must be fives times higher than the requested bandwidth (for the bandwidth of 1 MHz it would be necessary to apply switching frequency of, at least, 5 MHz) [14] . As a result, the rise in the switching frequency decreases the efficiency of the converter and, as a consequence, the efficiency of the systems decreases too.
The second problem is the output filter of the converter, because its design can be very complicated due to very strict restrictions regarding the voltage ripple and spectral interference. In some papers, it is proposed to use double LC filter [5] , but the use of this filter could decrease the maximum bandwidth. The solution presented in [1] does not need complicated filter design and it is not necessary to apply very high switching frequency in order to obtain the bandwidth of several MHz. The presented system can reproduce a sine wave or any other reference with maximal spectral component of 2 MHz, and give the instantaneous maximal power of 50 W.
Theoretical calculations in this work are presented for a sinusoidal waveform and for a CDMA signal. To carry out experimental measurements a sinusoidal waveform has been used. A CDMA signal, despite it was not available for experimental verifications, has been chosen to apply the theoretical calculations to a telecommunications signal, as it is known the amplitude density probability [15] .
The application for the proposed solution is Digital Video Broadcasting (DVB), which requires a bandwidth of approximately 7.5 MHz and no distortion for the transmitted signal at 2 MHz.
II. PROPOSED TOPOLOGY
The proposed topology consists of a multilevel converter in series with a high slew rate linear regulator. The main idea of the solution can be seen in Fig. 2 . The multilevel converter has to supply the linear regulator and it has to provide discrete voltage levels that are as close as possible to the output voltage of the envelope amplifier. If this is fulfilled, the power losses on the linear regulator will be minimal, because they are directly proportional to the difference of its input and output voltage. However, in order to guarantee correct operation of the linear regulator, the output voltage of the multilevel converter always has to be higher than the output voltage of the linear regulator.
The linear regulator can be designed to have very high bandwidth, and it should filter all the noise that could come from the multilevel converter. It manages only a small fraction of the output power. Therefore, the multilevel converter does not need any filter at its output and the design of the complicated filter, as in the case of switched converters, is avoided. The block diagram of the proposed solution is presented in Fig. 3 . In this block diagram can be appreciated an additional first stage, a multi output converter, which generates the input voltages of the multilevel cells.
As it can be appreciated on Fig. 3 , the voltage input of the cell number one does not need any isolation, because the ground of this cell is connected to the ground of the output. The other voltage inputs will need isolation, provided by the first stage, and will be connected to each other in series configuration by the power switches of the cells.
There are several possibilities to implement the multilevel converter for this application [1] . The solution presented consists of independent voltage cells that are put in series in order to generate the output voltage as a combination of its voltages. These cells can be implemented to give just positive voltage (two-state cell), or to produce positive and negative voltage (three-state cell), Fig. 4 . Each cell has associated an input voltage that is generated in the first stage by a dc-dc converter.
For the two-state cell, it gives a constant voltage when it is turned on, and when it is turned off, it gives zero. The output of this converter can be represented as:
where N is the total number of the implemented cells. a i takes the value of 0 when the i th cell is turned off and 1 when it is turned on and V i is the supply voltage of the i th cell. For the three-state cell, possible values of a i are 0, when the supply voltage of the cell does not contribute to the output voltage, 1 when the output voltage of the cell is V i and -1 when the voltage input cell is connected inversely to the load (-V i ). Due to the negative voltage state of the three-state cell, it is necessary for the first stage of this cell to be bidirectional, because depending on the input signal amplitude density probability and on the value of the voltage levels, mean input power that is supplied by the dc-dc converter that generates the cell's voltage input can be negative. The linear regulator is supplied by the multilevel converter and, depending on the current voltage level on its input and output, its efficiency will vary. If the transmitted signal codification is known (CDMA for example) [15] , it is possible to optimize the multilevel cell's voltage and the number of levels, as explained in [1] . 
III. DESIGN CONSIDERATIONS FOR THE OPTIMIZATION OF THE NUMBER AND MAGNITUDE OF THE VOLTAGE LEVELS OF THE ENVELOPE AMPLIFIER
The number of voltage levels of the envelope amplifier, to improve efficiency, quality of the transmitted signal and size of the converter, has to be established regarding the following design issues:
• Overall efficiency of the converter: more voltage levels implies better efficiency on the third stage but more power losses on first and second stages as a result of more cells and voltage inputs • Simplicity: Complexity and size increase with the number of voltage levels • Parasitic Components: As the number of levels rise, parasitic components of the layout, critical at high frequecies, become more important To obtain an accurate model relating all this factors, some of them even difficult to quantify, is very complex. Hence, to determine the optimum number of levels is complicated.
However, to calculate the improvement in the efficiency of the third stage is feasible. The first increments in the number of levels have a strong impact in the efficiency. For example, regarding the specifications of this paper, described in section IV, there is an improvement of a 13% for a sinusoidal waveform and a 30% for a CDMA signal in the efficiency of the third stage as a consequence of increasing from one to three the number of voltage levels. This improvement becomes smaller for higher number of levels. For example, a transition from three to five voltage levels would imply improvements of 4% for a sinusoidal waveform and a 6% for a CDMA signal in the efficiency of the third stage. On the other side, a high number of levels penalize the efficiency and simplicity of the first and second stages.
Hence, depending on the specifications, the optimum number of levels must be determined regarding the complexity of the whole system and the efficiency improvement provided in the third stage by the considered number of levels.
The system specifications, demanding on terms both of frequency and power, have a strong influence on the operation of commercial available devices used on the prototypes. It is expected that wide band-gap materials, as GaN, can improve in the next years the performance of the proposed solution affecting also to the number of levels of the design.
Besides, not only it is important to determine the number of levels but also to decide the value of those levels.
Input voltage values of the cells have been optimized to improve the efficiency of the third stage (the linear regulator).
To apply this optimization it must be known the evolution on time of the signal (if it is periodical, as a sinusoidal waveform) or, for a communications signal, the amplitude density probability. Based on this information, an iterative differential algorithm has been applied. It calculates the best voltage levels values to maximize the efficiency of the linear regulator stage by integrating input and output power for each output voltage or voltage amplitude through all the possible amplitude values. The precision of the algorithm is selected by the number of intervals in which the possible amplitude values range is divided. The algorithm has been implemented using the mathematical tool Mathcad.
Using this optimization for a CDMA signal and a sinusoidal waveform, both from 0V-23V, the obtained level voltages are 12V, 18V and 24V for a 24V input. With the two-state cell configuration, it is achieved with three inputs: a main voltage of 12V and two cells of 6V. With the three-state cell, it can be achieved with two inputs: a main input of 18V and a cell of 6V. The optimized voltage levels are obtained by subtracting, adding or not connecting the bidirectional cell of 6V to the 18V main input.
IV. COMPARISON BETWEEN TWO AND THREE STATE CELLS TOPOLOGIES The specifications used for this comparison are: a maximum frequency of the reproduced signal of 2 MHz, a maximum output power of 50 W, input voltage of 24V and an output voltage range from 0V to 23V.
Main input refers to the higher voltage input, which is always connected to the load for this design.
Main advantages of three-state cell configuration over twostate one are:
• The number of cells is lower.
• The number of inputs needed to achieve the same levels configuration is lower. Generalizing this concept to n levels (n>2), if the number of levels is odd, (n-1)/2 inputs are saved compared to the state equivalent design. For an even number of levels, a two-state cell will be added to the three-state design, saving (n-2)/2 inputs.
• As a result of a multilevel converter with less inputs (less components and volume), electrical and physical design is more simple.
Disadvantages:
• Three-state cells inputs need to be bidirectional. It implies a more complicated control stage design and Synchronous Rectification (SR) technology must be used. On the other hand, as a result of the implementation of SR, the efficiency could be improved.
• There are more MOSFETs in each cell. For both cell topologies there is no difference in the signal quality, the linear regulator stage and in the total number of MOSFETs for the same number of voltage levels design.
In order to optimize the design process of the first stage, a study of the energy handled by both types of cells for a three level prototype has been carried out. Results can be seen in Table  I . Power handled by each voltage input has been obtained by adapting the optimization algorithm presented in previous section.
It can be seen, for both cell topologies, that the main input voltage of the first stage (the one with higher voltage) handles high percentage of the converter total input power. This effect can be seen for both input signals on both cell topologies as this input is always connected to the load and has higher voltage (12V and 18V) than the cells voltage inputs, 6V in this design. As no isolation is required for main input, as explained in section II, it can be designed to be a simple and independent power supply with very high efficiency. Comparing both cell topologies, it can be seen that the three-state configuration main voltage input handles more power than the two-state configuration one, which relies in a higher efficiency for the three-state architecture. On the other hand, if there is any input with negative mean input power, there will be more power managed by the first stage for the same output power that will reduce the advantages relating efficiency.
As a result of both topologies comparison, the transmitted signal amplitude density probability, the output power and the maximum spectral component of the transmitted signal must be known in order to decide which topology will be more suitable for the multilevel converter.
V. EXPERIMENTAL RESULTS A photograph and experimental results for the two-state cell topology multilevel implementation can be seen on Fig. 5 and 6 and in Fig. 7, 8 and 9 for the three-state cell configuration.
As a CDMA test signal was not available, the efficiency of the system has been measured for several sinusoidal waveforms at 500 kHz and 2 MHz, with a resistance of 12 Ω as the load.
Comparing both prototypes, it can be observed a reduction on the magnetic components size of the first stage has been achieved for the three-state cell design as a result of the applied optimization based on results of Table I .
The first stage has been implemented for the three-state cell design with a 18V buck converter and a 6V flyback converter with SR. For the two-state cell design, just one magnetic component, bigger and heavier, processes all the first stage power. The switching frequency of the first stage for both prototypes is 50 kHz, low to improve the efficiency of this stage, which processes all the power of the converter. The multilevel implemented prototype has a size of 144mm x138mm, while the implementation with two-state cells, under the same specifications, has a size of 194mm x179mm.
It can be seen that the efficiency at low frequencies for all measured sinusoidal waveforms, 500 kHz, is better for the threestate prototype. The reasons are, mainly, that the first stage has better efficiency and also, with less influence, that the main input (with higher efficiency) handles more percentage of the power of the converter. At higher frequency, 2 MHz, the efficiency is lower due to additional parasitic components, that have more influence than the improved first stage efficiency. Those parasitic components, higher in the three-state configuration PCB, less optimized and constructed with a different technology, require a more dissipative RC snubber net to ensure the quality of the transmitted signal, which increases the power losses. At 2 MHz, only for the sinusoidal waveform from 0V to 9V, where there are no commutations (V out < 12V), the threestate cell prototype has a higher efficiency.
VI. CONCLUSIONS In this paper, an important modification of a solution for an enveloper amplifier for EER technique is presented. The solution consists of a multilevel converter in series with linear regulator. It is analyzed a new topology for the multilevel converter, a three state cell, and compared with an existing solution, the two-state cell topology. A comparison between both possibilities for the multilevel converter regarding the simplicity of the design, the number of inputs and efficiency is conducted. A study of the energy handled by each input with two different signals has been developed to compare both design options and to validate previous mentioned advantages of the three-state cell topology. In order to carry out the analysis, two prototypes have been made and the measured system's efficiency for various 500 kHz and 2 MHz sinusoidal waveforms is presented. Both prototypes can deliver up to 50W of instantaneous power. Comparing the measured efficiency of both solutions with the efficiency of the linear regulator, which is normally used as an envelope amplifier, the proposed solution has better efficiency up to 15%-18% for the two and three-state cell configuration respectively.
For a low number of voltage levels both cell architectures have similar behavior for the considered design specifications (as the first stage efficiency optimization could also be applied to the two-state cell topology). In this case, efficiency differences will be associated mainly to the energy handled by main inputs of each solution. The three-state cell topology will be a better design option for designs with a higher number of levels.
